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Cochlear implantation is an established method for the treatment of patients with severe to profound hearing loss. Improved speech perception outcomes lead to a broader indication for cochlear implantation because patients with significant residual hearing become candidates for this treatment (1) . Furthermore, for combined electric and acoustic stimulation, conservation of residual acoustic hearing after implantation is essential (2) . On this background, it is obvious that if the number of implant recipients increases, the procedure itself must prove absolutely reliable, and preservation of functional structures of the inner ear must be accomplished.
It is known that electrode insertion trauma can cause significant degeneration of spiral ganglion cells (3) . These neural structures are the target for electrical stimulation. Therefore, prevention of intracochlear insertion trauma is an important goal during cochlear implantation (4) .
Efforts on improving electrode arrays and insertion techniques have been made. Adapted mechanical properties permit optimal positioning of the electrode array inside the scala tympani and help reduce insertional injury. However, even with the best available devices and skillful insertion, complete loss of residual hearing occurs in up to 10 to 20% of implantations (5) . In addition, damage of inner ear structures is a frequent finding in histologic studies of temporal bones with inserted cochlear implants even if only studies with precurved electrode arrays are taken into account (6Y12).
On the background of these observations, the necessity for atraumatic cochlear implantation adds further relevance to systematic investigation of the inner ear anatomy. Our own studies have recently been supplemented by additional findings on anatomic variations of cochlear diameters with implication for cochlear implantation (13, 14) . We performed an examination of histologic temporal bone sections and measured the internal diameters of the cochlear scalae to obtain data on the relation to typical inner ear injuries caused by cochlear implantation.
MATERIALS AND METHODS

Material
For this study, histologic human temporal bone sections from the Wittmaack temporal bone collection (Department of History and Ethics of Medicine, University Medical Centre HamburgEppendorf, Hamburg, Germany) were analyzed. The collection consists of nonpathologic and pathologic specimens. Fifty histologic series (each representing 1 sectioned human temporal bone) were chosen randomly. Of these 50 series, 22 were excluded according to the following criteria: 1) absence of glass slides containing sections of the cochlea and 2) limited assessability of cochlear morphology due to severe defects of the specimen. The remaining 28 series, which were included into the investigation, had no evidence of malformation of the labyrinth.
The number of individuals was 20. Both ears were examined in 8 cases and 1 ear only in 12 individuals. The unpaired series consisted of 8 left and 4 right temporal bones. The sex distribution in the unpaired series was 3 women, 8 men, and 1 with unknown sex, and 2 women and 6 men in the paired series. The age of the individuals ranged from 4 to 78 years (mean, 42.95 yr); for 1 individual, the age had not been documented.
Specimen Preparation
The specimens had been prepared between 1908 and 1944 according to a histologic technique described by Eckart-Möbius (15) . This procedure contained the following steps: fixation in Wittmaack fixation fluid, decalcification, celloidin embedding, serial sectioning at a thickness of 20 Km, staining of each 4th section with hematoxylin-eosin, and mounting on covered glass slides. All cochleae were cut in the vertical plane, perpendicular to the axis of the pyramid.
Cross-Sectional Diameters
The glass slides containing the histologic specimens were digitized by means of light microscopy (BX50, Olympus, Japan) and a color video camera (SSC-DC54P, Sony, USA), which was connected to a personal computer. For measuring the crosssectional diameter of the cochlear scalae, a computer program was written. By means of this software, images of each histologic section were displayed, and circles were matched to the greatest diameter of the scalae using the mesothelium-like cells that line the wall of the scalae as a boundary (Fig. 1 ). This method was described by Walby in 1985 (16) . In contrast, the author used a magnifying microprojector to project the specimens on paper to match previously prepared circles. For our study, the scala tympani and the scala vestibuli were measured.
Graphic Reconstruction and Reference System
To analyze these measurements in reference to their original positions along the cochlear ducts, the spiral of each cochlea was reconstructed by use of semicircles, as described by Guild (17) and Schuknecht (18) . Whereas the aforementioned authors described the reconstruction of the path of the organ of Corti, the path of the scalar lumen itself was reconstructed for the present work (16) . Therefore, the semicircles that were used for constructing the spirals were fitted to the diameters of scala tympani half-turns. A half-turn was defined as the distance between the histologic sections where the scalar lumen was cut tangentially (16) . Figure 2 demonstrates a schematic reconstruction of the cochlear duct in axial view (according to the axis of the modiolus). The base of the spiral was set on that particular section on which the most distal part of the round window membrane was found. Positions on the spiral were specified in terms of angle instead of length according to the so called BCochlear View,[ which was established for evaluation of the electrode insertion depth (19) . According to this method, the round window lies on a reference line that passes through the center of the spiral at an angle of 10 degrees to the horizontal plane (20) . Because full cochlear turns are defined via this reference line, every position in the cochlear spiral can be described in degrees (21) . Consequently, the most anterior part of the cochlea equates to 170 degrees (Fig. 2) .
Furthermore, the spiral of each individual cochlea was plotted in axial view. The width of the line represents the diameter of the greatest circle that could fit into the scala tympani. The diameter (width of the line) is scaled to the size of the spiral 1:2. These drawings were applied to compare measurement values and local micromorphology in selected segments of the cochlear duct. The reconstructed spirals are rotated by 90 degrees to correspond to the associated histologic sections (Fig. 5) .
Statistical Analysis
The cochlear spiral was divided into segments, in each case representing 45 degrees. These parts were labeled according to the fraction of the corresponding full turns. For instance, the part from 0.01 to 45 degrees corresponds to 0.125, the part from 135.01 to 180 degrees corresponds to 0.500, and the part from 360.01 to 405 degrees corresponds to 1.125 ( Fig. 2; Table 2 ).
For statistical analysis of the diameter of the scala tympani and the scala vestibuli, the mean for each segment in every cochlea was calculated. Means involving all cochleae were plotted in charts. To quantify the intersegmental change of the diameter, a linear regression over the whole spiral was assumed for every cochlea and compared with the effective intersegmental decrease by means of nonparametric statistics (Wilcoxon test). Under the null hypothesis, distributions of values do not differ between compared groups; otherwise, the null hypothesis was rejected with significance level at p e 0.05 (2-tailed).
RESULTS
Cross-Sectional Diameter
Three thousand two hundred eighty-four measurement values were obtained. Although the absolute values for the diameter of each segment differed between the cochleae, the relative changes from segment to segment were similar through all series. In Figure 3 , the mean cross-sectional diameter of the greatest circle that was fitted into the cochlear scalae is plotted against the cochlear segments. The diameter of the scala tympani decreases distinctly from segment 0.375 to segment 0.625, that is, within this quadrant, the diameter is reduced by approximately 300 Km (Table 1) . From here, it remains constant until segment 1.375, where it increases locally by approximately 50 Km. The curve of the cross-sectional diameter of the scala vestibuli has an inverted course. The diameter drops within the first 2 segments and increases between segment 0.375 and segment 0.875. There, it reaches its maximum, followed by a steep decline until segment 1.250 and a less steep decline up to the end of the duct.
The assumed linear decrease of the cross-sectional diameter is 35.28 Km per segment for the scala tympani and 22.17 Km per segment for the scala vestibuli.
Variance From the Linear Decrease of Diameter
The regression of the cross-sectional diameter in the previously mentioned sections of the scala tympani was quantified. For every section, the diameter change to the previous one was calculated. The variance of these values in comparison with the assumed linear decrease of the scala tympani cross-sectional diameter is plotted in Figure 4 . The decrease of the diameter exceeds linear regression by 132 Km from segment 0.375 to segment 0.500 and by 95.5 Km from segment 0.500 to segment 0.625. For both segments, the variance from a linear diameter regression is highly significant (Fig. 4) .
Micromorphology
The area from segment 0.375 to segment 0.625 corresponds to the ascending part of the basal turn. The micromorphology of the affected segments was investigated in cochlear reconstructions in accordance with the corresponding histologic specimens (Fig. 5) . The histologic sections can be localized in the spiral by means of the illustrated sectional planes (Fig. 5) . Specimen BA[ contains cross sections of the cochlear scalae from the previously mentioned segments 0.375 and 0.625. Specimen BB[ shows segment 0.250, which features the maximum cross-sectional diameter of the scala tympani in the basal turn, and segment 0.875, which marks the end point of the preceding regression of scala tympani diameter.
Although cross-sectional diameter and shape of the bony capsule of the cochlear duct remain nearly constant through the evaluated segments, the diameters of the scala tympani and the scala vestibuli change inversely. Regarding half-turns 1 and 2, the osseous spiral lamina shifts toward the scala tympani. Whereas the size of the crosssectional shape of the scala tympani decreases, the shape of the scala vestibuli enlarges and forms a small peak due to the close relationship between the first and the second cochlear turn. However, when the diameters of both scalae are summarized and the results are plotted against the cochlear segments in a diagram (not shown), a shallow dip in the plotted curve between segment 0.125 and segment 0.875 results.
The appearance of the reconstructed cochleae is inhomogeneous (not shown) with variable coiling patterns and different lengths of the hook region. In some series, local variations of the cross-sectional diameter of the scala tympani, which differed from the previously described pattern, could be observed. Figure 6 shows the reconstruction of the scala tympani from a right ear with a localized narrowing in the hook region. On several histologic sections, an osteoma-like protrusion, which is located opposite to the spiral osseous lamina and covers a distance of 1,120 Km, protrudes from the bony capsule of the scala tympani. The largest circle that can be superimposed in this particular area has a diameter of 1,054 Km, whereas the mean cross-sectional diameter for this segment (0.125) is 1,221.71 Km.
DISCUSSION
Methodological Considerations
In 2-dimensional specimens, the width of the cochlear scalae (parallel to the spiral lamina) can only be assessed correctly in a midmodiolar section (Fig. 1) . In all adjacent sections, the lumen is cut obliquely, and, therefore, measurements of the width reveal higher values than is correct; the height of the lumen (perpendicular to the spiral lamina) remains unaffected. However, because the height of the scalae is less than the width throughout the length of the cochlea (22) , the diameter of an electrode with circular cross section is limited by the height. The graphic reconstruction method of the cochlea has frequently been used in temporal bone research for more than 80 years. It allows localization inside the cochlea in reference to the cochlear spiral on the base of histologic sections. Minor errors in measuring the length of the cochlear duct were described by Guild (17) and Schuknecht (18) . Takagi and Sando (23) emphasized that an oblique cutting angle of the cochlea causes additional errors for length measurement. If a temporal bone is not sectioned parallel to the plane of the modiolus, the apparent diameters of the turns measured on the graphic reconstruction are smaller than the actual ones, and therefore, calculation of the length reveals reduced values. To avoid these inaccuracies, positioning inside the cochlea was referred to the angle instead to a metric distance for the paper presented here. However, even if the length of a part of the cochlear duct, in particular the hook region, can only be estimated with less accuracy due to methodological issues, this has no relevance for higher segments because the angle is referenced to the beginning of every half-turn of the cochlea.
In most electrode insertion studies, the insertion depth angle or a similar reference system with fractionized cochlear turns is used. Since the BCochlear View[ was established for postoperative radiography, this method of referencing positions inside the cochlea is ready for use in clinical application (19) . To improve the clinical usability, results from anatomic investigations of the cochlear micromorphology should be expressed with regard to the (insertion depth) angle.
Dimensions of the Cochlear Scalae
It is widely known that the diameter of the cochlear duct decreases from the base of the cochlea to the apex. However, the decrease does not proceed linearly. In fact, several expansions and narrowings can be observed, differing from an assumed linear regression of the cross-sectional diameters (Fig. 3) . Reports on the cochlear dimensions from other authors vary slightly due to different reference systems and definitions of distances inside the cochlea. Walby (16) gives an overview regarding several studies and presents a chart with the data from other authors. It is evident that, although the maxima and minima of the curves appear at different positions, the curves would fairly coincide if a standardized reference system were used. To allow comparison between the present findings and previous studies, the angular reference system was related to distance measurements inside the cochlear duct ( Table 2) .
The inverse measurements of both perilymphatic scalae are a constant finding during the first 12 turns. According to Wysocki (22) , this observation is even more distinct if one considers the cross-sectional area of the scalae. The progression of the diameters was discussed in detail by several authors. Walby (16) reports on decreasing height of the scala tympani up to 9 mm distance from the round window. Because he measured the distance in the middle of the scala, this area corresponds to segment 0.500 of the cochlear spiral. Wysocki (22) observed this regression up to 12-to 13-mm distance from the beginning of the scala. According to Zrunek and Lischka (24) and Zrunek et al. (25) , the height of the scala tympani decreases from 1.4 mm at approximately 6 to 7 mm from the round window to 0.84 mm at 17 to 18 mm. Wysocki and Zrunek measured the distance on the outer wall of the perilymph cast. Therefore, these measurements correspond to segments 0.500 and 0.625. The narrowing that was observed by Hatsushika et al. (26) was limited to the first 1.5 to 2 mm. However, many researchers focused mainly on the socalled Bbottleneck[ of the scala tympani between the initial narrowing and an expansion occurring in the region at 70 to 80% from the base of the cochlea (16) . The rapid narrowing of the scala tympani in the region of the ascending part of the basal turn was not regarded as the remarkable feature of the cochlear duct. We could demonstrate that the reduction of the cross-sectional diameter from segment 0.375 to segment 0.500 and from segment 0.500 to segment 0.625 significantly exceeds the linear regression of the diameter (Fig. 4) , a finding that has not been reported previously.
Obviously, the steep decrease of the cross-sectional diameter of the scala tympani between segment 0.375 and segment 0.625 is induced by a combination of narrowing of the bony capsule and shifting or rotation of the spiral osseous lamina (27) . A slight reexpansion of the bony capsule, beginning from segment 0.750, compensates the influence of the lamina spiralis ossea on the diameter of the scala tympani. These findings are conclusive with Erixon et al. (14) . They evaluated corrosion casts of human cochleae and reported on impressions occurring in the pars ascendens of the basal turn. The authors attributed these findings to imprints of the carotid canal, which approximates the otic capsule in the area of the ascending part of the basal turn from 0 to 4.1 mm (mean, 1.08 mm) (28) . Examination of the spatial relationship between otic capsule and carotid canal was not feasible in our specimens due to the vertical sectioning plane.
From the literature, case reports on bony dehiscences between the cochlear basal turn and the carotid canal are known, and radiologic assessment of the so-called Bcochlear-carotid interval[ revealed corresponding measurements from 0 to 5 mm (29, 30) . The distance between cochlea and carotid canal varies, although the rapid narrowing of the scala tympani was a constant finding in our measurements. However, the role of the periotic mesenchyme in otic morphogenesis is still not adequately understood (31) . The proximity of the carotid artery may influence the cavitation of the cochlear duct during embryology. Additionally, Muren et al. (32) reported on impressions in the wall of the carotid canal opposite to the cochlea, which may be another advice for interactions between otic capsule and carotid canal during development.
Correlation to Typical Patterns of
Insertional Trauma Although the development of electrode insertion trauma is influenced by different factors, for example, electrode design or insertion technique, the occurrence of severe injuries at a location approximately 180 degrees from the round window is regarded a typical pattern (6, 8, 9) . Even with improved electrode designs, at least minimal injuries appear, in particular, in the region of the ascending part of the basal turn (10) . The advantage of precurved electrode arrays, which were held straight by a stylet before insertion, may be explained by the potential not only to lead the array smoothly around the first bend of the cochlear duct but also to guide it through the accompanying narrowing (11, 33) . Furthermore, the mechanical features of the electrode array play a role, for example, improved flexibility, which may reduce friction in higher turns and therefore lead to less buckling of the array, mainly in the region of segment 0.500 and segment 0.650 of the cochlear duct (7). The localized narrowing of the scala tympani in this area may contribute to this effect.
CONCLUSION
The absolute values of cross-sectional diameter vary between individuals. This obviously contributes to the failure of preformed electrode arrays. For optimization of electrode design and insertion technique, the knowledge regarding variations in diameter from a linear progression of the cochlear duct, which are constant between individuals, is important. We observed a significant increase of the linear regression of scala tympani diameter in the region of the ascending part of the basal turn. From the literature, it is known that electrode insertion trauma frequently occurs here. The task of guiding the electrode array around the first bend of the cochlear turn is challenged by the local narrowing. Therefore, our finding should be considered for the development of electrode design and insertion methods. Additionally, if further studies confirmed a positive correlation between diameter of scala tympani and cochlea-carotid interval, it would be feasible to derive information regarding critical intracochlear dimensions from standard radiologic investigations.
